Hydrothermal vents release reduced compounds and small organic carbons into surrounding 26 seawaters, providing essential substrates for microbial-derived biosynthesis and bioenergy 27 transformations. Despite the wide distribution of Marine Benthic Group-E archaea (referred to as 28 Hydrothermarchaeota) in hydrothermal environments, little is known on their genome blueprints and 29 ecofunctions. Here, we studied four relatively high-completeness (> 80%) metagenome-assembled 30 genomes (MAGs) from a black smoker chimney and surrounding sulfide sediments in the 31
of Hydrothermarchaeota. 99 100 101
Results and discussion 102 Hydrothermarchaeota as a novel archaeal phylum 103
Reconstructed archaeal MAGs and scaffolds containing phylogenetically informative genes, at least 104 3 ribosomal proteins (RPs) or 16S rRNA gene fragments, are summarized in Table 1 and Table S3 . 105 Both 16S rRNA and RP phylogenies place Hydrothermarchaeota as a distinct lineage parallel to 106 other Euryarchaeotal clades, including Thermococci, Methanomicrobia, and Hadesarchaea ( Fig. 1  107 and Fig. S1 ). Within this lineage, the 16S rRNA gene sequences show median sequence identities of 108 80.8-83.9 %, which supports phylum-level diversity ( Fig. 1 and Table S4 ). The phylum designation 109
Hydrothermarchaeota was proposed since all current genomes were obtained from hydrothermal 110 sediments or fluids (7-9). However, 16S rRNA gene sequence data show that Hydrothermarchaeota 111 also occur widely in estuarine and marine sediments, wetland and hot spring sediments ( Fig. 1 ). 112 113
Mixotrophic lifestyle and versatile substrate utilization 114 We picked four representative Hydrothermarchaeota MAGs of relatively high completeness values (> 115 80%) from the major three clades for metabolic prediction analysis (Table 1, Fig. 2, Fig. S3 and 116
Tables S5, S6, S7). Similar with the previous study (8), almost all Hydrothermarchaeota MAGs 117 contain the THMPT (tetrahydromethanopterin) based Wood-Ljungdahl pathway (THMPT-WL 118 pathway), and some components of THF (tetrahydrofolate) based Wood-Ljungdahl pathway 119
(THF-WL pathway) (Fig. 2 ). Since none of them contains the complete genes for THF-WL pathway, 120
it might be that this pathway is not active in Hydrothermarchaeota (Fig. 2) . THMPT-WL pathway in 121
Hydrothermarchaeota could function in both directions, either reductively incorporating CO2 into 122 acetyl-CoA synthesis or oxidatively converting products from central carbon metabolism (peptide 123 and sugar carbohydrate degradation) into energy producing pathways. If the former direction is 124 active, Hydrothermarchaeota probably lives a mixotrophic lifestyle on using both inorganic and 125 organic carbon sources. Hydrothermarchaeota does not have the methyl coenzyme M reductase 126 (MCR) for methane metabolism, but JdFR-18 could incorporate a variety of methyl-containing 127 compounds into WL pathway, including mono-/di-/trimethylamine and methanol, which is frequently 128 discovered in members of Methanosarcinales, Methanomassiliicoccales, Methanofastidiosa, 129 Bathyarchaeota and Verstraetearchaeota (11). Particularly, JdFR-18 (Clade 1) contains HdrD (3 130 copies) and GlcD (4 copies, FAD-containing dehydrogenase, similar to D-lactate dehydrogenase) 131 with one pair of them collocated, which is responsible for heterodisulfide reduction linked to lactate 132 utilization. This gene arrangement and function is also present in Archaeoglobus fulgidis, 133 Bathyarchaeota, and Verstraetearchaeota (11) (12) (13) . 134 135
Hydrothermarchaeota genomes probably encode full TCA cycle, but not beta-oxidation pathway 136
(only acquiring acetyl-CoA C-acetyltransferase coding genes, Fig. 2 hydrothermal environments (1-4). Additionally, CO could also be generated by some anaerobes (4). 160
Combined with CO2 fixation ability as described above (CBB cycle and WL pathway), the 161 mixotrophic lifestyle possibly makes Hydrothermarchaeota as one of the successful archaeal lineages 162 within the global benthic environmental settings (17). 163 164
Additionally, the process of sulfide oxidation to sulfate might be possible in Hydrothermarchaeota 165 because the encoded dissimilatory sulfite reductase (DsrAB) could also convey sulfide oxidation (8, 166 18). The existence of key genes in Sox pathway in SZUA-236 (TVG13) suggests that they could also 167 oxidize thiosulfate for energy yield (Fig. 2) . The potential denitrification and sulfate reduction are 168 enable Hydrothermarchaeota to scavenge diverse organic matters by anaerobic respiration. 169
Presumably, Hydrothermarchaeota could couple nitrate reduction with reduced sulfur compound (S 0 , 170 S 2and S2O3 2-) oxidation as the energy generating process ( Function redundancy and community level interactions 227 We have analyzed the metabolic capacities of all reconstructed MAGs ( Fig. 3 and Tables S2, S8) to  228 investigate microbial community interactions. Acidobacteria, Bacteroidetes, and Gemmatimonadetes 229 acquire the most abundant genes encoding for extracellular peptidases; they are presumably the 230 major players in utilizing detrital proteins from marine sediments. Other microbial groups could form 231 syntrophic interactions with them for assimilating extracellular peptides/proteins using the 232 extracellular peptidases secreted by them. Furthermore, Ignavibacteriae, Planctomycetes, and 233 Spirochaetes acquire the most abundant genes encoding for glycoside hydrolases, suggesting that 234 they are the major players in carbohydrate/sugar utilization. Besides, a variety of microbial groups 235 are predicted to acquire degrading/utilizing ability on methane, fatty acids, aromatics, methanol, and 236 mono-/di-/trimethylamine. The fermentation products probably include acetate, hydrogen, lactate, 237 and ethanol. The electron pools generated through the fermentation steps are delivered to terminal 238 electron acceptors or CO2 for either respiration or C fixation. Moreover, the fermentation products 239 from the first fermentation process could also be re-utilized by the community members as energy 240
and carbon sources. The interaction among microorganisms of syntrophic and sequential (step by 241 step) utilization of substrates enables the community to gain more energy from a wide range of 242 substrates. 243
The major eight microbial groups (with at least one MAG from this group acquiring genome 244 coverage > 15×, including Acidobacteria, Alphaproteobacteria, Bacteroidetes, Candidate Phyla 245
Radiation, Deltaproteobacteria, Gammaproteobacteria, Hydrothermarchaeota, Nitrospirae) are 246 predicted to acquire multiple functions on sulfur cycling, including sulfide oxidation, sulfur 247 oxidation, thiosulfate oxidation, and sulfate reduction, thiosulfate disproportionation. The oxidized 248 sulfur compounds (SO4 2-, SO3 2and S2O3 2-), as well as nitrate/nitrite and molecular oxygen [except 249
for Candidate Phyla Radiation (CPR) and Hydrothermarchaeota], could serve as the terminal 250 electron acceptors for respiration on organic or inorganic energy sources (Table S8 ). This suggests 251 that microorganisms in the chimney layers and surrounding sediments of BSmoChi-MAR acquire 252 various strategies adapting to microaerobic to anoxic environment settings. Besides of 253
Hydrothermarchaeota, several other microbial groups are also predicted to oxidize multiple C1 254
compounds and acquire C fixation capacity in their genome contents; in addition, some of these 255 microbial groups are probably capable for carbohydrate and peptide/protein degradation and acquire 256 sulfur cycling and denitrification abilities, such as Alpha-/Delta-/Gammaproteobacteria and 257 Nitrospirae ( Fig. 3 and Table S8 ). It is suggested that the redundancy of carbon utilizing and element 258 cycling functions of microorganisms and the interactive processes of syntrophic and sequential (step 259 by step) utilization of substrates among microorganisms enable a wide range of substrates and energy 260 sources to be accessible to the community. 261 262
Comparative genomics 263 We chose representative genomes from euryarchaeotal groups and Hydrothermarchaeota to compare 264 the metabolic capacities among them. Peptide degradation capacities are shared among most 265
Hydrothermarchaeota and euryarchaeotal groups, while, the other carbohydrate degrading/utilizing 266 capacities on starch/glycogen, aromatics, fatty acids, methanol, and mono-/di-/trimethylamines are 267 patchily distributed (Fig. 4 , Figs. S3, S4 and Table S9 ). Hydrothermarchaeota acquires considerably 268 complete functions in the cycling of N and S and could oxidize three important C1 compounds, 269
comparing to the euryarchaeotal groups. When it comes to within phylum level, we found the 270 distinction of metabolic traits among three major clades within Hydrothermarchaeota (Fig. 4 ). Clade 271 1 MAG (from subsurface fluids from SubFlu-JdFR) specifically acquires utilizing ability on 272 methanol, methanethiol, and mono-/di-/trimethylamines, which is not shared with other clades, 273
probably indicating potential supply of methyl-compounds in the surrounding environments. Clade 3 274 MAGs (SZUA-158 from TVG10, the chimney layer sample, of BSmoChi-MAR and HyVt-292 from 275 sulfide deposits of Southern Mariana Trough) acquire sulfide oxidation ability (DsrAB) as the major 276 sulfur cycling function, probably being attributed to the high supply of sulfide in the surrounding 277 environments. Presumably, Clade 3 could also depend more on sulfide oxidation for energy and 278 acquire less sugar carbohydrate degrading enzymes (Fig. 2) . It provides a clue that each clade could 279 acquire metabolic traits related to niche adaptation. 280 281
Clade-distinctive lateral gene transfers 282
We mapped the minimum parsimony-based prediction of gene gain and loss events of inferred gene 283 ortholog groups (OGs) to the RP-based phylogenomic tree ( Fig. 5 and Fig. S5 ). The 284
phylogenomically close-related seven euryarchaeotal classes or orders were included, acquiring both 285 methanogens and non-methanogens. The key gene gain events at node 28, 26 and 24 (occupying 286 24.9%, 6.7% and 29.1% of the ancestral genomes) indicate that the important traits of extant 287
Hydrothermarchaeota are derived from lateral gene transfers (LGTs); they include the C1 oxidation 288 on formaldehyde and CO, the key component of Wood-Ljungdahl pathway for CO2 fixation and 289 acetyl-CoA synthesis, nitrogen and sulfur cycling, aromatic degradation and Hg and As reduction. 290
The gene gain events at node 27 (occupying 27.9% of the genome) probably provide JdFR-18 291 abilities on utilizing tri-/mi-/monomethylamines, acetogenesis and other functions on nitrogen and 292 sulfur cycling (Table S10 ). The lost OGs at these nodes mainly acquire functions related to amino 293 acid transport and metabolism, energy production and conversion, and transcription and translation 294 related metabolisms (Table S10 and Fig S6) . As we have indicated above, it might be the adaptive 295 strategy of Hydrothermarchaeota to derive functional components from the lateral gene interactions 296 among community members in hydrothermal environments, which are characterized with plenty of 297 heavy metals, C1 compounds, and reduced sulfur compounds (1-6, 19, 20, 30) . The distinctive 298 metabolism of each clade (Figs 4, 5 and Tables S11, S12) on C, H, N, and S could also be due to 299
LGT events in the adapting process within corresponding eco-niches. The OG component pattern 300 tells that although Hydrothermarchaeota could not produce methane, they are close to the anaerobic 301 wastewater treatment inhabiting methanogenic phylum Methanofastidiosa (Fig. S7) and completeness bins (36). CheckM v1.0.7 was used to assess the bin quality and phylogeny (37). 342
All above resulted archaeal MAGs were combined with i) all available archaeal genomes from 343
GenBank database (Aug 2, 2017 updated), ii) archaeal clones, fosmids and cosmids sequences from 344 NCBI Nucleotide database (Aug 2, 2017 updated), iii) initial assembled scaffolds with one or more 345
ORFs annotated as archaeal origin by IMG database (Only assemblies obtained in this study), as the 346 reference for reads mapping. BBmap was used to get potential archaeal reads from raw reads with 347 'vslow minid = 0.6' option (38). The second round of assembling by archaeal reads was the same as 348 the above method, and potential 'archaea related scaffolds' were also subjected to DOE-JGI IMG 349 database to get annotated as described above. spring sediment studies deposited in NCBI-SRA. Searching results were manually inspected to 366 confirm (Table S1 ). The linked DOE-JGI IMG deposits to these SRA deposits were found and the 367 assemblies are used. MAGs originated from hydrothermal vent sediments (21 studies) and freshwater 368 spring sediments (22 studies) were reconstructed from these public NCBI-SRA deposits and the 369 linked DOE-JGI IMG deposits (Only one study has the IMG record but no SRA record. This study 370 was also manually inspected to meet the searching criterion). SRA runs within one 'Experiment' and 371 studies for one 'Biosample' are subjected to integrated assembling. Assembling was conducted by 372 MEGAHIT v1.1.2 (42) with kmer iterations of k35-k75, k45-k95, k65-k145, k145k-k295 for 85bp, 373 100bp, 150bp, and 300bp reads and the kmer step of 10; the pre-processing was the same as 374 described above. Studies which have DOE-JGI IMG deposits were simply used with their assembled 375 metagenomes and QC-passed reads. The downstream binning methods were the same as described 376
above but with one-round binning. Further refinement was also conducted by manual inspection 377 based on VizBin for selective MAGs (41) The 16S rRNA gene sequences (> 300bp) which were BLASTed out from the Hydrothermarchaeota 424
MAGs constructed from NCBI SRAs, the previous publication and this study were aligned by SINA 425 v1.2.11 (58) and inserted into the "HydroBBTree" by "ARB_PARSIMONY quick-add species" 426 method in ARB (61) (Some MAGs have no 16S rRNA gene sequences, which is normal, due to the 427 low MAG completeness). The topology of this 16S rRNA gene tree remains unchanged compared to 428 that of "HydroBBTree" and the division of clades also remains unchanged. 429 430
The masked alignment of 12 ribosomal proteins (processed by CheckM, including, L2, L3, L4, L5, 431 L14, L16, L18, L22 and S3, S8, S17, S19 ribosomal proteins) were concatenated and then subjected 432 to the tree model selection by ProtTest 3 (37, 62). Representative archaeal genomes and reported 433
Hydrothermarchaeota MAGs were included in the tree together with MAGs and scaffolds from this 434 study (63). A pre-selection was imposed on the concatenated alignment to filter those sequences with 435 less than 3 ribosomal proteins and less than 25% alignment columns; columns with more than 50% 436 gaps were trimmed. The RAxML-HPC v.8 on XSEDE implemented in CIPRES was applied to make 437 the phylogenetic tree with the best model as PROTGAMMAILG and 1000 bootstrap iterations (59, 438 60). Escherichia coli K12 genome was adopted as the outgroup (64). 439 440 Evolutionary analysis. The genomes from phylogenetically close-related archaeal orders/classes 441 were acquired from NCBI Genome database, including methanogenic Methanobacteriales, 442
Methanococcales, Methanofastidiosa and Methanopyri, and non-methanogenic Theionarchaea, 443
Hadesarchaea, and Thermococcales. One Crenarchaeota (Acidilobus saccharovorans str. 345-15) 444 genome was used as the outgroup. The genome picking criterion is that they are over 80% 445 completeness and less than 10% genome contamination, with only exceptions of two Theionarchaea 446 genomes (the only two available genomes within the class) and one Hadesarchaea genome (77.6% 447 completeness; one out of two genomes within the class); and genomes are from different families or 448 genera if possible. The phylogenomic tree of acquired 50 genomes were constructed with the 449 concatenated masked alignment of 12 ribosomal proteins by the same method as described above, 450 but using IQ-TREE v1.6.3 (with better performance) (65) with the settings as "-m MFP -mset 451
LG,WAG -mrate E,I,G,I+G -mfreq FU -bb 1000". 452 453
The ortholog groups (OGs) of protein-encoding genes shared by 50 genomes were parsed out by 454
OrthoFinder v2.2.6 (66) with orphan genes (only existing in one genome) not included in OGs. The 455
BadiRate was used to estimate OG turnover rate using the BDI-FR-CSP model (Turnover 456 rates-Branch model-Estimating procedure, stringent on estimating turnover rates) (67) with the above 457 phylogenomic tree as the input tree file. The output gene turnover results were parsed to OG turnover 458 results by a custom Perl. The OGs were annotated by eggNOG-mapper v4.5.1; each was assigned 459
with the majority annotation result. The key OG turnover events on Hydrothermarchaeota nodes 460 were parsed; the related genes with function and pathway annotations were summarized. 461 462
Metabolic capacity prediction and comparison. Genomes of Euryarchaeota and 463
Hydrothermarchaeota were acquired from NCBI Genome database, and every five representative 464 genomes (picked from different families if possible) from each archaeal group were used (9). Only 465 genomes with completeness over 70% were used. If one archaeal group has limited available 466 genomes (less than five), all the genomes were used, regardless of the completeness. Metabolic 467 marker genes were retrieved from a custom metabolic gene database and metabolic pathways 468 annotated in KEGG database (68, 69) . The Pfam, TIGRfam and custom metabolic gene database 469 were used to scan against genomes with suggested cutoff settings; GhostKOALA v2.0, KAAS v2.1, 470
and eggNOG-mapper v4.5.1 were applied to assign KOs to genomes based on default settings 471 (43) (44) (45) . For each metabolic marker gene, we label their presence/absence in archaeal groups as solid 472 black dots (present in all), solid grey dots (present in some) and blank dots (present in none). For 473 each metabolic function, if one marker gene appears, we assign the presence of this function. Due to 474 the limited genomes and low genome completeness (less than 70%) for Hadesarchaea, 475
Theionarchaea, Syntrophoarchaeum, and MSBL-1, if one metabolic marker gene/metabolic function 476 appears in any genomes within an individual archaeal group, a solid black dot is used. 477 478
For the community metabolic analysis on the MAGs from both the metagenomes, the similar 479 metabolic capacity prediction method was used as described above. The peptidases and carbohydrate degrading enzymes were calculated by counting the MAG 555 completeness and taking average values of all MAGs within individual microbial groups (0 digits 556 after the decimal point). The presence of specific pathway/function within each microbial group was 557 assigned when this pathway/function was present in any MAGs within this microbial group. The Fe 558 uptake metabolism was predicted by the corresponding database. For the metabolic prediction of N, 559 S cycling, C1 oxidation, and C fixation, only the major microbial groups (with at least one MAG 560 from this group acquiring genome coverage > 15×) are represented. 561 562 Figure 4 . Metabolic capacity comparison between Hydrothermarchaeota and Euryarchaeota. 563
Figure Captions
Metabolic marker genes from Pfam, TIGRfam and KEGG databases are used to search for up to five 564 genomes within one archaeal group. Solid black dots, solid grey dots, and blank dots stand for all 565 present, partially present, and no present in all genomes. If one marker gene appears, it is assumed 566 that the corresponding metabolic function exists. Due to the limited genomes and low genome 567 completeness, for Hadesarchaea, Hydrothermarchaeota, Theionarchaea, Syntrophoarchaeum, and 568 MSBL-1, if genes appear in one genome, solid black dots are used. Detailed summary information 569 refers to Supplementary Information. The metabolic capacity of five Hydrothermarchaeota MAGs 570 was also depicted. The RP phylogenetic tree was constructed by picking one random genome from 571 each group and bootstrap values over 75% were depicted as black dots on the node. 572 and related euryarchaeotal orders and classes. The OG numbers and inferred OG gain and loss 575 numbers were labeled accordingly on the tree nodes and tips. The COG category information of the 576 gained or lost OGs for Hydrothermarchaeota clade was parsed and depicted. 
